Apoptosis of lung structural cells is crucial in the process of normal tissue repair. Insufficient apoptosis of lung fibroblasts may contribute to the development of fibrosis. Since the CC chemokine ligand 2 (CCL2) is associated with fibrotic disease and the cytokine IL-6 blocks apoptosis in many cell types, we hypothesized that CCL2 may contribute to the development of lung fibrosis by inducing IL-6, which, in turn, inhibits fibroblast apoptosis. Fibroblasts were cultured in the presence of CCL2, which stimulated IL-6 production and mRNA expression in a concentration-dependent manner (250-1,000 ng/ml). This effect was mediated through the ERK1/2 signaling pathway. In addition, through a feedback loop, the secreted IL-6 activated the fibroblasts as evidenced by immunoblotting for phosphorylated STAT3. CCL2 reduced fibroblast apoptosis induced by staurosporin as detected by DNA content profiling (53.6 ؎ 10.8%, P Ͻ 0.05) and apoptosis induced by serum starvation as detected by COMET assay (Tail moment: 36.6 ؎ 9.9 of control versus 3.6 ؎ 1.4 of CCL2, P Ͻ 0.01). In the presence of anti-IL-6 neutralizing antibody, however, this anti-apoptotic effect of CCL2 was eliminated. These data suggest that CCL2 mediates fibroblast survival by inhibiting apoptosis through IL-6/STAT3 signaling and provides a novel mechanism through which CCL2 may contribute to the development and maintenance of lung fibrosis.
Fibrosis is characterized by uncontrolled fibroblast activation leading to fibroblast proliferation, excessive collagen deposition and an increased number of myofibroblasts that disrupts normal tissue architecture (1, 2) . While the mechanisms leading to fibrosis are not well understood, removal of the hyperactive fibroblasts and myofibroblasts during the resolution phase may play a role in the homeostatic control of fibrosis (3) . Apoptosis (i.e. programmed cell death) is prominent in the late phase of wound healing, and may be a crucial mechanism through which excessive fibrosis may be prevented or resolved. In this context, many cytokines, including those likely present during inflammation, can modulate cellular apoptosis (4) .
Among the cytokines that play a role in inflammatory lung disease is the CC chemokine ligand 2 (CCL2), also known as monocyte chemotactic protein-1 (MCP-1). It is a major chemoattractant factor responsible for the migration of monocytes and lymphocytes to sites of inflammation. CCL2 can also exert a number of other effects. Among these, CCL2 stimulates the release of IL-6 from synovial fibroblasts (5) . In addition, several lines of evidence suggest that CCL2 may contribute to the devel-
CLINICAL RELEVANCE
Lung fibroblasts express CCR2 and respond to CCL2 (MCP-1). CCL2 prolongs fibroblast survival through IL-6/ STAT3 signaling, and thus may contribute to fibroblast persistence in fibrosis. Targeting CCL2/IL-6/STAT3 to reduce fibroblast populations may be a strategy to treat fibrosis. opment of fibrosis including both animal model and human studies (6, 7) .
IL-6 is a multifunctional cytokine produced by a variety of cells, including fibroblasts. It is also active on many cells, including fibroblasts, and it can, therefore, function as an autocrine or paracrine mediator (8) (9) (10) . IL-6 signals through a specific receptor, IL-6R, which dimerizes with gp130, a common receptor subunit for the IL-6 family of cytokines. By activating gp130, IL-6 leads to STAT3 activation and downstream events. Accumulating evidence indicates that IL-6 may be a pro-fibrogenic (11) (12) (13) . Elevated levels of IL-6 are found in the lungs of patients with fibrotic lung disease (14) . Since IL-6 can inhibit apoptosis in some cell types (15) , it is possible that IL-6 could contribute to the development of fibrosis by inhibiting fibroblast apoptosis and that CCL2 could be profibrotic through inducing IL-6. The current study directly evaluated this potential mechanism of fibrosis in in vitro cultured fibroblasts.
We found that CCL2 stimulated IL-6 production by human lung fibroblasts through the extracellular signal-regulated kinase (ERK)1/2 signal pathway. Furthermore, CCL2 partially blocked staurosporin-induced apoptosis of lung fibroblasts through the IL-6/STAT3 pathway. These data provide support for a possible pro-fibrotic mechanism of action for CCL2 and IL-6.
MATERIALS AND METHODS

Materials
Human fetal lung fibroblasts (HFL-1) were purchased from American Type Culture Collection (ATCC, Rockville, MD). Monocyte chemotactic protein 1 (MCP-1, CCL2) and anti-IL-6 neutralizing antibody were from R&D Systems (Minneapolis, MN). Anti-ERK1/2 antibody, antiphospho-ERK1/2 antibody, anti-p38 antibody, anti-phospho-p38 antibody, anti-JNK1 antibody, and anti-phospho-JNK1 were purchased from Santa Cruz Biotech (Santa Cruz, CA). Anti-STAT3 and antiphospho-STAT3 antibodies were purchased from Upstate (Charlottesville, VA). Primers and probe for IL-6 were designed using Primer Express software (Applied Biosystems, Foster City, CA) and synthesized at the Eppley Cancer Institute, University of Nebraska Medical Center. Chemokine C-C motif receptor 2B (CCR2B) primers were synthesized at the Eppley Cancer Institute, University of Nebraska Medical Center. Anti-CCR2 antibody was purchased from Sigma (St, Louis, MO). rRNA control kit was purchased from Applied Biosystems. Mitogen-activated protein kinase (MAPK) inhibitors, PD98059 and SB23048, were purchased from Calbiochem (San Diego, CA). All cell culture medium and supplements were purchased from Invitrogen Corp (Carlsbad, CA).
Cell Culture
The HFL-1 cells were cultured in Dulbecco's modified Eagle medium (DMEM), supplemented with 10% fetal calf serum (FCS), 100 g/ml penicillin, 250 g/ml streptomycin, 1.25 g/ml fungizone, and 2 mM L-glutamine. Cells were fed three times per week in 100-mm tissue culture dishes (Becton Dickinson Labware, Lincoln Park, NJ), and confluent cells were passaged at a 1:4 ratio. For evaluation of the effect of CCL2, cells were plated at 10 5 cells/well (24-well) or 4 ϫ 10 5 cells/ well (6-well) in 10%FCS-DMEM (triplicate wells) overnight and then serum starved for 48 h. CCL2 was added and supernatants or cells were analyzed at different time points.
IL-6 Enzyme-Linked Immunosorbent Assay
The concentration of IL-6 in the culture medium was quantified by enzyme-linked immunosorbent assay (ELISA). Briefly, each 96-well plate was coated with anti-IL-6 antibody (Cat#: AB-206-NA; R&D Systems) overnight. After washing, IL-6 standard and samples were applied and incubated at room temperature for 2 h. The plate was washed again and incubated with rabbit anti-human IL-6 antibody (Cat# 407670; Calbiochem) at room temperature for 1 h. Horseradish peroxidase (HRP)-conjugated goat anti-rabbit IgG (Cat# 611-1302; Rockland) was then applied for 1 h at room temperature. After a final washing, orthophenylenediamine together with H 2 O 2 substrate was added and allowed to develop for 40-60 min at room temperature. After stopping the reaction with 8 M H 2 SO 4 , absorbance was read at 492 nm with a BenchMark microplate reader (Bio-Rad, Hercules, CA).
RT-PCR
CCR2 mRNA was detected by RT-PCR. Briefly, total RNA was extracted using Trizol reagent (Invitrogen, Carlsbad, CA) and 2 g of total RNA was used to synthesize cDNA using high capacity RT reagent from Applied Biosystems. PCR for CCR2B was performed using Platinum PCR Supermix High Fidelity reagent (Cat # 12532-016; Invitrogen), and PCR for GAPDH was performed using AmpliTaq Gold Mixture reagent (Applied Biosystems). CCR2B primers were synthesized as follows (16) : forward, 5Ј-ATGCTGTCCACATCTCGTTCTCG; re- (10 5 /well) with 10% FCS-DMEM. After serum starvation for 48 h, cells were treated with varying concentrations of CCL2 for a further 48 h. IL-6 levels in cell culture supernatants were quantified by ELISA. Vertical axis: IL-6 concentration (pg/ml); horizontal axis: CCL2 concentration (ng/ml). (B ) HFL-1 cells were cultured overnight in 6-well plate (4 ϫ 10 5 cells/well) with 10% FCS-DMEM. After 48 h serum starvation, cells were treated with 500 ng/ml CCL2 for 6 h. Total RNA was extracted and real time RT-PCR was performed as described in MATERIALS AND METHODS. Vertical axis: IL-6 mRNA normalized to house keeping gene rRNA control; horizontal axis: CCL2 concentration (ng/ml).
verse, 5Ј-TTATAAACCAGCCGAGACTTCCTGC. GAPDH primers was synthesized as follows (17) : forward, 5Ј-TCGGAGTCAACGGAT TTGGTCGTA; reverse: 5Ј-ATGGACTGTGGTCATGAGTCCTTC.
Real-Time RT-PCR
Cells were plated into 6-well plates at density of 2 ϫ 10 5 cells/well in 2 ml 10% FCS-DMEM. On the following day, the medium was changed to serum-free DMEM. After 48 h of culture, cells were treated with reagents for 6 h. Total RNA was then extracted using Trizol reagent (Invitrogen) and 1 g of total RNA was treated with DNAse I (Invitrogen) to eliminate potential genomic DNA contamination. For complementary DNA (cDNA) synthesis, about 600 ng of total RNA was transcripted into cDNA using reverse transcription reagents (Applied Biosystems).
Gene expression was measured with the use of an ABI Prism 7700 Sequence Detection System (Applied Biosystems) as described previously (18) . Primers and TaqMan probes were designed using the Primer Express TM 1.0 (Applied Biosystems) software to amplify fewer than 150 base pairs. Probes were labeled at the 5Ј end with the reporter dye molecule FAM (6-carboxy-fluorescein) and at the 3Јend with the quencher dye molecule Black Hole Quencher #1. Real-time PCR was conducted in a total volume of 50 l with 1ϫ TaqMan Master Mix (Applied Biosystems) and primers at 300 nM, and probes at 200 nM. Primer and probe sequences were as follows: For internal control, rRNA control kit (Applied Biosystem) was used.
Immunoblot
Cells were treated as described above and proteins were extracted using cell lysis buffer (20 mM Tris [pH 7.5], 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1% Triton X-100, 2.5 mM sodium pyrophosphate, 1 mM b-glycerolphosphate, 1 mM Na 3 VO 4 , 1 g/ml leupeptin, and 1mM PMSF). The total protein concentration was determined using Bio-Rad reagent. After heating for 3 min at 95ЊC, 10-20 g of cell lysate extraction was loaded into each well to perform electrophoresis with miniprotein 3cell (Bio-Rad). The proteins were transferred to PVDF membranes (Bio-Rad) in transfer-buffer (20 mM Tris, pH 8.0, 150 mM glycine, 20% methanol) at 20 V for 40 min with a semi-dry electrophoretic transfer cell (Bio-Rad). The membrane was blocked with 5% nonfat milk in PBS-Tween at room temperature for 1 h and then exposed to primary antibodies at 4ЊC overnight. Target proteins were subsequently detected using IgG HRP (Rockland, Gilbertsville, PA) in conjunction with an enhanced chemiluminescence detection system (ECL; Amersham Pharmacia Biotech, Little Chalfont, Buckinghamshire, England).
Transfection of siRNA
Transfection of siRNA was performed as described previously (19) . HFL-1 cells were plated into 12-well plate at a density of 10 5 /well in 10%FCS-DMEM. The next day, cells were washed twice with PBS followed by transfection with 200 nM of siRNA targeting CCR2 or nontargeting siRNA (Dharmacon Inc., Lafayette, CO) using lipofectamine 2000 (Invitrogen). Cells were allowed to recover and treated with CCL2 (500 ng/ml) or LPS (10 g/ml) for 48 h.
Profile of DNA Content by Flow Cytometry
To determine the presence of apoptotic cells, DNA content was measured by flow cytometry as reported previously (20) . Cells were cultured in 6-well plates with 10% FCS-DMEM till confluent. Cells were then serum starved for 48 h followed by treatment with or without CCL2 (500 ng/ml) for an additional 48 h. Staurosporin (0.5 M) was then added to induce apoptosis. After 4 h of staurosporin exposure, cells were detached from the tissue culture dishes with trypsin/EDTA. Cells were then pelleted and fixed with 70% ethanol at 4ЊC for 30 min. After staining with propidium iodide (50 g/10 6 cells), cell DNA content analysis was performed by flow cytometry. Cells with less DNA staining than that of G1 cells (sub-G1 peaks or A 0 cells) were considered apoptotic cells. 
COMET Assay
COMET assay was performed using a commercially available kit (Trevigen Inc., Gaithersburg, MD). Briefly, HFL-1 cells were cultured in serum-free DMEM with or without 500 ng/ml CCL2 for 5 d. Cells were also treated with 0.5 M staurosporine for 4 h as a positive control for apoptosis. Cells were harvested by trypsinization and used for COMET assay following the manufacturer's instruction. Image data was analyzed using public software as described previously (21) .
Cell Count with Coulter Counter
Preliminary data indicated that culture of HFL-1 cells under serumfree conditions for 7 d led to induction of apoptosis. Based on this, HFL-1 cells were plated into 24-well plates and serum starved for 48 h. Cells were then cultured in serum-free medium with or without CCL2 for 7 d in order to induce apoptosis under serum-free culture. On Day 7, floating cells were removed and attached cells were trypsinized (0.5 ml Trypsine/EDTA for each well) and counted with Z Series Coulter Counter (Beckman Coulter, Miami, FL).
Statistical Analysis
All quantitative data are expressed as means Ϯ SEM determined from representative experiments. Comparison of paired data was performed using the Student t test, while multigroup data was analyzed by ANOVA followed by Tukey correction using PRISM 4 software. P Ͻ 0.05 was considered significant.
RESULTS
CCL2 Stimulates IL-6 Production in HFL-1 Cells
To determine if CCL2 stimulates human lung fibroblasts to produce cytokines and growth factors, nearly confluent HFL-1 cells were serum-starved for 48 h followed by treatment with different concentrations of CCL2 for an additional 48 h. IL-6, TGF-␤1, and vascular endothelial growth factor (VEGF) levels in the culture media were quantified by specific ELISA. CCL2 stimulated IL-6 release by HFL-1 cells in a concentration-dependent manner (250-1,000 ng/ml, Figure 1A ). TGF-␤1 and VEGF production, however, were not affected by CCL2 (data not shown). The effect of CCL2 on IL-6 mRNA expression was also Figure 4 . Effect of CCL2 on MAPK activation. HFL-1 cells were cultured overnight in 6-well plates with 10% FCS-DMEM. After 48 h serum starvation, cells were treated with CCL2 (500 ng/ml). Cells were harvested at varying time points as indicated using cell lysis buffer. Total protein amount was measured and immunoblots for phosphorylated (p) or total ERK1/2, p38, or JNK1 were performed as described in MATERIALS AND METHODS. evaluated; CCL2 was found to stimulate IL-6 mRNA expression ( Figure 1B) . A concentration of 500 ng/ml CCL2 was found to elicit submaximal secretion of IL-6 and thus 500 ng/ml CCL2 was used for subsequent studies unless otherwise indicated.
CCR2 Is Expressed in Human Lung Fibroblasts and Mediates CCL2 Stimulation of IL-6
In order to confirm the effect of CCL2 on human lung fibroblasts, CCR2 expression by human lung fibroblasts was examined. Both adult and fetal lung fibroblasts expressed CCR2B mRNA, although the expression level was lower than that of THP-1 control cells (Figure 2A ). CCR2 was also detected in human fetal lung fibroblasts by immunoblots. Interestingly, CCL2 did not stimulate CCR2 expression in HFL-1 cells ( Figure 2B ). Consistent with a role for CCR2 in mediating CCL2 stimulation of IL-6, stimulation of IL-6 release by CCL2 in HFL-1 cells was significantly decreased in the cells transfected with CCR2 siRNA but not with control siRNA (Figure 3) . In contrast, LPS (10 g/ml) significantly stimulated IL-6 release from HFL-1 cells transfected with either CCR2 siRNA or control siRNA (Figure 3) , indicating the specificity of the siRNA in CCL2 stimulation.
ERK1/2 Mediates CCL2 Stimulation of IL-6 Production
In order to determine if MAPK signaling is stimulated by CCL2 in HFL-1 cells, the phosphorylation status of ERK1/2, p38, and JNK were determined by immunoblot. CCL2 induced ERK1/2 phosphorylation biphasically (15 min and 24 h after treatment, respectively, Figure 2 ). In contrast, no phosphorylation of p38 or JNK1 was observed in response to CCL2 (Figure 4) .
To further confirm MAPK pathway involvement in CCL2-induced IL-6 production by HFL-1 cells, the effects of the ERK1/ 2-specific inhibitor (PD98059) and the p38-specific inhibitor (SB23048) were evaluated. Consistent with the immunoblot evaluation of phosphorylation, the ERK1/2 inhibitor PD98059 (50 M) significantly blocked CCL2 stimulation of IL-6 mRNA ( Figure 5A ) and protein synthesis ( Figure 5B ), while the p38 inhibitor SB23048 (10 M) had no effect ( Figure 5 ).
Effect of CCL2 on STAT3 Phosphorylation
Since the IL-6 family of cytokines signal through the STAT3 pathway and CCL2 stimulates IL-6 production in HFL-1 cells, the time course of STAT3 phosphorylation (Tyr705) was evaluated by immunoblot. Phosphorylated STAT3 was detected under serum free culture in HFL-1 cells, and this was significantly enhanced by 500 ng/ml CCL2 after 24 h of treatment ( Figures  6A and 6B) . Furthermore, the enhancement of STAT3 activation by CCL2 lasted for 72 h ( Figure 6 ).
Effect of CCL2 on Fibroblast Survival after Serum Withdrawal or in the Presence of Staurosporin
Since the IL-6/STAT3 pathway regulates production of antiapoptotic proteins, leading to enhanced cell survival, the effect of CCL2 on fibroblast survival was determined using two protocols: serum withdrawal and staurosporin-induced apoptosis, which were analyzed by total cell counts and both COMET assay and DNA content profiling, respectively. After 5 d of serum withdrawal, the total cell number in the control group had slightly, but not significantly, decreased (8.7 Ϯ 1.1 ϫ 10 4 cells/well at 120 h versus 10 ϫ 10 4 cells/well at 0 h, P Ͼ 0.05). In the presence of CCL2, however, the total cell number was significantly higher than control (13.9 Ϯ 0.1 ϫ 10 4 cells/well in the presence of 500 ng/ml CCL2 versus 8.7 Ϯ 1.1 ϫ 10 4 cells/well in the absence of CCL2, Figure 7A , *P Ͻ 0.01 by one-way ANOVA). Furthermore, when IL-6-neutralizing antibody (IL-6NAb, 2g/ml) was added together with CCL2, the total cell number decreased significantly compared to CCL2 alone (7.
4 cells/well respectively, *P Ͻ 0.05, Figure 8A ). To study the effect of CCL2 on fibroblast apoptosis, staurosporin was used to induce apoptosis in HFL-1 cells. COMET assay and DNA content profiling were performed to detect apoptotic cells. In the presence of staurosporin (0.5 M), hypodiploid cells, indicating apoptosis, were significantly increased (Figure 7B and Table 1 ). CCL2 (500 ng/ml) partially blocked apoptosis induced by staurosporin (40.6 Ϯ 7.8% versus 21.5 Ϯ Figure 8 . Effect of anti-IL-6 neutralizing antibody (IL6NAb) and CCL2 on cell survival. (A ) Cell number determined by Coulter Counter. HFL-1 cells were plated in 24-well plates at a density of 10 5 cells/well and cultured in 10% FCS-DMEM overnight. After 48 h serum starvation, cells were cultured for an additional 5 d in serum-free DMEM with or without CCL2 (500 ng/ml) in the presence or absence of anti-IL-6-neutralizing antibody (IL-6NAb, 1 g/ml) or nonrelevant anti-IgG antibody as control. Cells were trypsinized and counted by the Coulter Counter. Vertical axis: cell number on Day 5; horizontal axis: CCL2 concentrations. (B ) DNA content analysis. HFL-1 cells were plated in 6-well plate at a density of 2 ϫ 10 5 cells/ ml, 2 ml/well in 10% FCS-DMEM and cultured overnight. After 48 h serum starvation, cells were treated with or without CCL2 (500 ng/ml) in the presence or absence of anti-IL-6 NAb (1 g/ml) for 2 d. Cells were then treated with staurosporine (STA, 0.5 M) for 4 h followed by trypsinizing, fixing, and analyzing DNA content by flow cytometry as described in MATERIALS AND METHODS. Sub-G 1 peak: indicating apoptotic cells.
3.2%, P Ͻ 0.05). The inhibitory effect of CCL2 on staurosporininduced apoptosis was prevented by the presence of anti-IL-6-neutralizing antibody, which by itself was without effect (Figure 8B ). In addition, in the COMET assay, cells with a small DNA head and large fan-like tails (i.e. the typical morphology of apoptotic cells), were observed after 5 d of serum starvation ( Figure 7C ). In the presence of CCL2 (500 ng/ml), however, HFL-1 cells did not undergo apoptosis as evidenced by the morphology ( Figure 7C ) and COMET assay tail moment analysis ( Figure 7C , 36.6 Ϯ 9.9 for control versus 3.6 Ϯ 1.4 for CCL2, P Ͻ 0.01 by t test).
DISCUSSION
Interactions between chemokines and cytokines play important roles in regulating tissue repair after inflammation or injury. In this regard, CCL2 and IL-6 are believed to be important in mediating fibrosis (22, 23) . In the current study, CCL2 stimulated IL-6 release by human lung fibroblasts through ERK1/2 signaling but not through p38 or JNK. The IL-6 released by fibroblasts, in turn, functioned in an autocrine or paracrine manner and induced STAT3 activation. Through this pathway, CCL2 inhibited staurosporin-and serum deprivation-induced apoptosis, since neutralization of IL-6 by specific antibody blocked the inhibition of apoptosis. This pathway provides a mechanism by which CCL2 can contribute to the development of fibrosis by facilitating the persistent survival of fibroblasts. CCL2, also known as monocyte chemotactic protein-1 (MCP-1), belongs to the CC chemokine family. Chemokines are small (8 to 14 kD) proteins that regulate migration of a variety of cells during inflammation. Based on the presence and position of the conserved cysteine residues, chemokines are categorized into CXC or ␣, CC or ␤ and C or ␥ families. CCL2 mediates its biological activity through its G protein-coupled seventransmembrane spanning receptor CCR2. CCR2 signals through G protein-coupled receptors (GPCRs), specifically Gi, to activate ERK1/2 signal pathway (24) . In the current study, we found that CCL2 stimulated ERK1/2 phosphorylation in a biphasic manner. The mechanism of this remains to be defined.
Previous studies indicate that the CC family of chemokines are mostly responsible for modulating migration of monocytes and lymphocytes. In addition, the CC chemokines can also function as regulators of many other cell functions. In this regard, CCL2 has been shown to stimulate IL-6 and IL-8 production in fibroblast-like synoviocytes from patients with rheumatoid arthritis (5). In the current study, we have extended previous observations (5) and demonstrated a novel biological pathway for CCL2 and IL-6 in lung fibroblasts.
Both CCL2 and IL-6 are increased in fibrotic lesions in a variety of organs. IL-6 is a member of a family that includes IL-6, IL-11, leukemia inhibitory factor (LIF), oncostatin M (OSM), ciliary neurotrophic factor (CNTF), and cardiotrophin-1 (CT-1) (25) (26) (27) . These cytokines are produced by a variety of cells in response to inflammatory stimuli and play pivotal roles in the immune, nervous, cardiovascular, and hematopoietic systems as well as in inflammation, wound healing, apoptosis, and embryonic development (25) (26) (27) (28) .
Emerging evidence from both animal and human diseases indicates that CCL2 is also associated with the development of fibrosis in various organs. Fibroblasts derived from fibrotic lesions from subjects with idiopathic pulmonary fibrosis (IPF), bronchiolitis obliterans syndrome, systemic sclerosis, and scleroderma highly express CCL2 (29) (30) (31) . Consistent with a role for CCL2 in the development of fibrosis, CCR2 gene-deleted mice are protected from pulmonary fibrosis (7). Furthermore, neutralization strategies using either antibodies directed against one of the murine CCL2 orthologs JE (32) or overexpression of the CCR2 antagonist 7ND (6), also inhibits the development of pulmonary fibrosis in mice. Finally, recent data suggest an interaction between CCL2 and IL-6 as CCL2 stimulated IL-6 secretion in synovial fibroblasts (5) . We therefore hypothesized that CCL2 may be implicated in fibrosis by regulating IL-6 release, thereby indirectly influencing fibroblast survival, and we have demonstrated that CCL2 stimulate IL-6 release from HFL-1 cells through ERK1/2 pathway.
Several studies from both human and animal models provide evidence that cytokines of the IL-6 family contribute to the development of fibrosis following inflammation (33, 34) . In this context, elevated levels of IL-6 are found in the bronchoalveolar lavage fluids of patients with obliterative bronchiolitis (35) . Further, edema fluid from the lungs of patients with acute lung injury (ALI) exhibit fibroblast mitogenic activity that is attributable to IL-6 (36), indicating a possible role for IL-6 in the fibroproliferative component of ALI. Similarly, in cells obtained from patients with IPF, IL-6 is able to stimulate cell proliferation (8) and inhibit apoptosis (37) . Finally, mice with IL-6 deficiency showed enhanced airway inflammation but decreased subepithelial fibrosis after chronic exposure to aerosolized antigen (38) .
The molecular mechanisms by which IL-6 contributes to the pathogenesis of lung fibrosis remain to be fully determined. One possible mechanism, however, is that IL-6 may block apoptosis of lung fibroblasts. By signaling through STAT3, cytokines of the IL-6 family can stimulate anti-apoptotic proteins in a variety of cells including tumor cells and fibroblasts from patients with IPF (11, 39) . In the present study, cells treated with CCL2 were less susceptible to apoptosis induced by either serum withdrawal or staurosporin. This effect of CCL2 on cell survival was mediated through the IL-6/STAT3 pathway since an anti-IL-6-neutralizing antibody reversed the attenuated apoptosis induced by CCL2. Consistent with this mechanism, CCL2 was found to result in STAT3 activation in HFL-1 cells. These results suggest that CCL2 modulates fibroblast survival through an IL-6 feedback loop and the STAT3-signaling pathway.
In summary, a network of chemokines and cytokines may play critical roles in the development of pulmonary fibrosis. Among these cytokines, CCL2 and IL-6 have the potential to regulate the process of tissue remodeling leading to fibrosis. Targeting CCL2 and/or the IL-6/STAT3 pathway, therefore, may offer a novel therapeutic target for the treatment of fibrosis.
